Abstract. The literature suggests that relative gas-vesicle volume and metabolic activity differ between individuals within natural populations of cyanobacteria. We demonstrate, using flow cytometry and fluorescein diacetate (FDA) conversion rates, that individual relative gas-vesicle volumes differed by 6.7-and 4.6-fold, and individual cell photosynthetic rates ranged from 0.026 to 0.127 and from 0.075 to 2.415 fmol O 2 cell -1 min -1 within phosphorus-starved and phosphorus-replete Microcystis aeruginosa populations, respectively. The observation that there is considerable heterogeneity in gas-vesicle volume and cell metabolic activity in cultured populations suggests that this could also contribute to heterogeneity in buoyancy of field populations.
Introduction
Cyanobacteria are unique among microplanktonic photoautotrophs because they possess gas vesicles, which provide buoyancy. The regulation of buoyancy enables these organisms to migrate vertically and access spatially separated resources, light and nutrients (Ganf and Oliver, 1982) . Vertical migration also allows cyanobacterial colonies to escape damagingly high irradiances, at the water surface, which potentially damage pigments and the photosynthetic machinery (Eloff et al., 1976; Vincent et al., 1984; Pierson et al., 1994) .
The regulation of buoyancy occurs in response to light and nutrients. Carbohydrate, which accumulates during light exposure, can act as ballast, increasing cell density (Kromkamp and Mur, 1984; Utkilen et al., 1985) . Osmotically active photosynthates and potassium ions can also increase cell density by generating a turgor pressure strong enough to collapse gas vesicles in some species (Grant and Walsby, 1977; Allison and Walsby, 1981; Oliver and Walsby, 1984) . Buoyancy is also regulated via the molecular control of gas-vesicle synthesis relative to growth (Oliver, 1994) .
In field and culture populations, heterogeneity in buoyancy status is often observed. Within samples exposed to the same light intensity, a proportion of the population may be positively buoyant and a proportion negatively buoyant (Konopka et al., 1987a; Walsby et al., 1989; Ibelings et al., 1991a,b; Brookes et al., 1999) . For example, Konopka et al. noticed that when a culture of Aphanizomenon flos-aquae was exposed to irradiance, some filaments lost buoyancy after 30 min, but 3.3 h were required for all filaments to lose buoyancy (Konopka et al., 1987a) .
Walsby et al. also observed a non-homogeneous buoyancy response to irradiance . In their study, 55% of Anabaena minutissima filaments suspended in bottles at the water surface lost buoyancy during the day, while the remaining 45% were buoyant. Heterogeneity in buoyancy status may be attributable to individual cells having (i) different previous light history, (ii) different rates of carbohydrate accumulation (Konopka et al., 1987a) or (iii) different gasvesicle volumes. However, to date, the theories on within-population heterogeneity are largely speculative. In this study, we demonstrate that there is considerable heterogeneity of both gas-vesicle volume and cell metabolic activity in Microcystis aeruginosa cells grown in culture.
Measurements of gas-vesicle volume are possible using a capillary apparatus originally developed by Walsby (Walsby, 1973) and subsequently improved by Oliver and Walsby (Oliver and Walsby, 1984) and Walsby et al. (Walsby et al., 1992) . Estimates of relative gas-vesicle volume can also be made by exploiting the light-scattering properties of gas vesicles (Walsby, 1973; Ganf et al., 1989) . Ganf et al. (Ganf et al., 1989) demonstrated that the volume of isolated gas vesicles is proportional to turbidity (90°light scatter), thus validating the use of side scatter as a relative surrogate for gas-vesicle volume.
Many of the techniques available to measure gas-vesicle volume and photosynthesis require numerous cells for a single measurement and consequently no estimate of within-sample heterogeneity is possible. Flow cytometry, on the other hand, is capable of measuring multiple optical parameters simultaneously on a single-cell basis. Optical measurements may include cell autofluorescence, intensity of vital stains, fluorescent products of viability stains, and forward and side light scatter (Selvin et al., 1989; Balfoort et al., 1992) .
Dubelaar et al. used flow cytometry to investigate light scattering due to gas vesicles in M.aeruginosa to assess their impact on forward and perpendicular light scattering (Dubelaar et al., 1987) . However, to date, flow cytometry has not been used to examine gas-vesicle volume heterogeneity or to investigate gas-vesicle synthesis in response to light and nutrients. In this study, flow cytometric measurements of gas-vesicle volume are validated by comparison with a more traditional method of measuring relative gas-vesicle volume using gas-vesicle pressure-collapse curves (Walsby, 1973) . Gas-vesicle heterogeneity is then examined in M.aeruginosa cultures grown in limiting and surplus phosphate concentrations, and the results discussed with respect to heterogeneity in buoyancy.
Cell activity is also variable and could contribute to the heterogeneity in buoyancy observed in cyanobacterial populations. Cells with different activity may photosynthesize at different rates and differentially utilize stored photosynthates for growth. Dorsey et al. developed a technique to assess cell metabolic activity rapidly using the fluorogenic probe fluorescein diacetate (FDA) (Dorsey et al., 1989) . FDA readily permeates cells, where it is hydrolysed by non-specific esterases, forming a fluorescent by-product, fluorescein, which remains within the cell and is detected using a flow cytometer.
The rate of FDA conversion to fluorescein is correlated with light-limited growth in M.aeruginosa (Geary et al., 1998) and photosynthetic capacity in different marine microalgal species (Dorsey et al., 1989) . Photosynthetic rate is also correlated with carbohydrate change (Olesen and Ganf, 1986) , which alters cell density (Kromkamp and Mur, 1984; Oliver and Walsby, 1984; Kromkamp and Walsby, 1990) . The interplay between cell activity, rate of photosynthesis and carbohydrate concentration provides a basis for using cell activity to indicate the role of carbohydrate accumulation as a factor contributing to heterogeneity in buoyancy.
Method
Validation of flow cytometric techniques to measure relative gas-vesicle volume and cell activity Culture. Microcystis aeruginosa Kütz. emend. Elenkin clone MASH01 was obtained from CSIRO Marine Laboratories, Hobart, Tasmania, and grown in unbuffered ASM-1 media (Gorham et al., 1964) with supplementary carbon added as 150 µM NaHCO 3 unless stated otherwise. Unicellular cultures were maintained at 25ºC at an irradiance of 100 µmol photons m -2 s -1 on a 15:9 h light:dark cycle.
Cytometer set-up. The flow cytometer used was a Becton Dickinson FACStrak with an Argon laser (488 nm) as the excitation light source. The photomultiplier tube for green fluorescence was adjusted to ensure that the untreated M.aeruginosa cells appeared in the first decade of a log scale of relative fluorescein fluorescence. Side-scatter sensitivity was also adjusted to ensure cells with gas vesicles appeared on scale. The instrument settings were saved and used in subsequent experiments.
Gas-vesicle collapse-pressure curves: validating the use of flow cytometry to measure relative gas-vesicle volume
The use of flow cytometry to measure relative gas-vesicle volume per cell was validated by constructing gas-vesicle collapse-pressure curves of a cultured population from measurements of pressure-sensitive side scatter in the flow cytometer. These were compared with gas-vesicle collapse-pressure curves constructed using the method of Walsby (Walsby, 1973) as adapted by Ganf et al. (Ganf et al., 1989) . In summary, light scattering of cells suspended in media or media containing 0.5 M sucrose to remove cell turgor pressure was measured using either a Hach 2100A turbidimeter or a flow cytometer. The percentage of gas vesicles remaining following sequential increases in pressure was estimated using the equation:
where S a is the relative side scatter of the sample at atmospheric pressure, S f is the side scatter of the sample with all the gas vesicles collapsed and S p is the side scatter of the sample following each pressure increase. Curves were fitted to the data using a least-squares, non-linear iterative Gauss-Newton step procedure (Brookes et al., 1994 ) from the equation:
where M is the maximum percentage of intact gas vesicles at atmospheric pressure (= 100%) and y is the percentage of remaining intact gas vesicles after the application of pressure x. The apparent critical (P a ) and the critical pressure (P c ) are defined as the pressure at which 50% of the initial gas vesicles remain intact in media or in media plus 0.5 M sucrose, respectively. P a and P c can be calculated using the respective collapse-pressure curves by solving the above equation for y = 50% when x = a/b. The turgor pressure (P t ) is then calculated as P t = P c -P a . Gas-vesicle collapse-pressure curves constructed using the flow cytometer and the nephelometric method of Walsby (Walsby, 1973) were similar (Figure 1 ). The mean apparent critical pressures measured with the nephelometer and flow cytometer were 424.87 ± 0.43 and 426.02 ± 9.73 kPa, respectively. Mean critical pressures measured with the nephelometer and flow cytometer were 651.69 ± 4.88 and 657.90 ± 9.88 kPa, respectively. The close agreement of P a and P c using the two techniques resulted in similar mean turgor pressures, calculated to be 226.82 ± 4.46 kPa (nephelometer) and 231.88 ± 12.25 kPa (flow cytometer). Statistical analysis of the apparent critical, critical and turgor pressures revealed no significant differences between the techniques (ANOVA, n = 3, P < 0.05).
It was concluded that gas-vesicle pressure-collapse curves measured with the flow cytometer and nephelometer were sufficiently similar to validate the use of flow cytometry to estimate relative gas-vesicle volume.
The relationship between cell activity and photosynthesis
Cell metabolic activity was measured using the FDA-staining protocol, detailed in Geary et al. (Geary et al., 1998) . FDA was stored in acetone at -20°C at a stock concentration of 10 mg ml -1 . Cell metabolic activity was measured as the rate of fluorescein production following a 7 min incubation in 40 µM FDA and expressed as the FDA conversion rate (FDACR) with units fluorescence cell -1 min -1 . Fluorescein isothiocyanate (FITC)-labelled beads were used to standardize the flow cytometer and allow comparison of experiments conducted on different days. Mean cell metabolic activity was compared with photosynthetic capacity measured with a WALZ XE-pulse amplitude modulated fluorometer. Microcystis aeruginosa cultures grown in the conditions described above were incubated in the dark for 12 h and then at nine light intensities for 1 h, at which time cell metabolic activity was measured using the FDA assay described above. Photosynthetic rate was measured at a range of actinic light intensities using variable chlorophyll (Chl) a fluorescence (Kolber and Falkowski, 1993; Oliver and Whittington, 1998) and calculated using the equation:
Full details of how this equation was derived are given in Oliver and Whittington (Oliver and Whittington, 1998) , but in summary P is the rate of photosynthesis (mg O 2 mg -1 Chl a h -1 ), I is the irradiance intensity (mol m -2 s -1 ), is the effective absorption cross-section (m 2 mol quanta -1 ), q p is the photochemical quenching, ⌬ max /0.65 is the fraction of functional PSII reaction centres, e the mols of oxygen evolved per photon processed by the reaction centres [0.25 (Kolber and Falkowski, 1993) ] and PSII the number of PSII reaction centres per mol of Chl a (1/345). The effective absorption cross-section of M.aeruginosa was measured with the ST-flash assembly of the XE-PAM to be 59.5 ϫ 10 Ϫ10 m 2 mol quanta -1 using methods described by Kolber and Falkowski (Kolber and Falkowski, 1993) . The photosynthetic rate was converted from mg O 2 mg -1 Chl a h -1 to fmol O 2 cell -1 min -1 using a measured mean cell Chl a content of 0.274 pg Chl a cell -1 .
The photosynthetic rate of M.aeruginosa increased with increasing irradiance up to a maximum rate of 0.41 fmol O 2 cell -1 min -1 at 211 µmol m -2 s -1 (Figure 2 ). The FDACR of M.aeruginosa cells incubated at a range of light intensities for 1 h displayed a similar response, increasing FDACR with increasing light intensity to a maximum of 161 fluorescence units cell -1 min -1 . The relationship between mean photosynthetic rate per cell and mean FDACR per cell enables FDACR to be used to calculate photosynthetic rates for individual cells. It is assumed that the relationship observed between the population means is conserved at the single-cell level.
The hyperbolic tangent function of Jassby and Platt (Jassby and Platt, 1976 ) was fitted to each data series in Figure 2 , and FDACR and photosynthetic rate modelled for light intensities between 0 and 350 µmol m -2 s -1 . The model outputs were linearly correlated (r 2 = 0.99) to determine the relationship between FDACR and photosynthesis, which is expressed by the equation:
Photosynthetic rate = 0.02457 + 0.00239 ϫ FDACR where the units of photosynthesis are fmol O 2 cell -1 min -1 and FDACR units are fluorescence units cell -1 min -1 .
Heterogeneity in gas-vesicle volume and cell activity
Heterogeneity in gas-vesicle volume and cell activity was investigated in cells that were starved of phosphorus (P) or grown in P-sufficient media. P-starved cultures were established by washing log phase M.aeruginosa cultures in P-free ASM-1 and growing them in P-free ASM-1 for 7 days. To replace the potassium normally present as K 2 HPO 4 , 100 µM KCl was added to P-free ASM-1. P-sufficient cultures were prepared in the same manner as the P-starved cultures, but with 10 µM P added after 7 days starvation and incubated for a further 4 days. The relative gasvesicle volume of individual cells was measured by side scatter using a flow cytometer. To examine heterogeneity in cell metabolic activity, the ability of P-starved and P-replete M.aeruginosa cells to hydrolyse FDA was measured using the protocol detailed above.
Results and Discussion

Heterogeneity in gas-vesicle volume
Relative side scatter per cell for P-starved (0 µM) M.aeruginosa cells ranged between 450 and 3000 relative side-scatter units (RSU) with a mean side scatter of 1224 (SD ± 833) RSU (Figure 3a ; Table I ). Microcystis aeruginosa grown in 10 µM phosphate media recorded significantly higher mean side scatter, 1638 ± 609 RSU (t-test, ␣ = 0.05, n = 1024), and ranged from 800 to 3500 RSU ( Figure  3b ; Table I ). The mean side scatters of P-limited and P-replete cells with all the gas vesicle collapsed were 284 ± 81 and 302 ± 70 RSU, respectively, and not significantly different (t-test, ␣ = 0.05, n = 1049). Mean relative gas-vesicle volume per cell can be estimated as the difference between the mean side scatter per cell with gas vesicles intact and the mean side scatter with all gas vesicles collapsed by the application of 1000 kPa pressure. The mean relative gas-vesicle volume for M.aeruginosa cells grown in 0 µM phosphate was 940 RSU and significantly less than the gas-vesicle volume of 1336 RSU for cells grown in 10 µM phosphate (t-test, ␣ = 0.05, n = 1000). This contrasts with the studies of Konopka et al., who found no distinct variation in gas-vesicle content as a function of P-limited growth rate in A.flos-aquae and M.aeruginosa (Konopka et al., 1987a,b) . 
Cell parameter
M.aeruginosa cells grown in 0 µM P Rate of density change of a 3.6 ϫ 10 -3 3.3 ϫ 10 -3 4.8 ϫ 10 -3 17.9 ϫ 10 -3 4.0 ϫ 10 -3 27.3 ϫ 10 -3 5 µm diameter cell (kg m -3 min -1 )
M.aeruginosa cells grown in 10 µM P ----------------------------------
It should be noted that the 0 µM treatment in this study consists of P-starved rather than P-limited cultures, which may account for some of the discrepancy between this study and the studies of Konopka et al. (Konopka et al., 1987a,b) . However, Konopka et al. recorded an increase in relative gas-vesicle content upon the addition of P to P-limited M.aeruginosa cultures (Konopka et al., 1987b) . This experimental design more closely resembles the design of the experiment in the present study, and differences in gas-vesicle content between P-limited and P-replete cells were observed in both studies.
The relative gas-vesicle volume is a function of the rate of production and assembly of gas-vesicle protein and the dilution of gas vesicles due to cell division. Consequently, the heterogeneity of gas-vesicle volume between individuals could be due to different rates of gas-vesicle protein production and the timing of cell division.
Heterogeneity in cell activity
The relative fluorescein concentration per cell, of P-starved (0 µM) and P-replete (10 µM) M.aeruginosa cells, was measured with the flow cytometer following incubation in FDA for 7 min. The fluorescein content of individual cells grown in 0 µM phosphate ranged between 3 and 300 relative fluorescence units (RFU) with a mean of 62 RFU cell -1 (Figure 4 ). Cells grown in 10 µM had a greater mean fluorescein content of 1368 RFU cell -1 (t-test, ␣ = 0.05, n = 680) and varied from 150 to 7000 RFU (Table I) .
Division of the RFU by 7 min provides an FDA conversion rate (FDACR). Cells grown in 0 µM phosphate had an FDACR of 0.4-43 RFU cell -1 min -1 and cells grown in 10 µM phosphate had 21-1000 RFU cell -1 min -1 (Table I) . Mean FDACR were 9 and 195 RFU cell -1 min -1 for the 0 and 10 µM treatments, respectively. The heterogeneity in metabolic activity highlights the cell variability in batch cultures, which are often considered homogeneous cell suspensions. 
Modelling photosynthetic rate and carbohydrate accumulation
Extrapolation of the mean FDACR-photosynthetic rate relationship to individual cell estimates enables the heterogeneity of photosynthetic rates to be estimated for the two P treatments. It was assumed that the relationship between FDACR and photosynthetic rate for P-replete cells was conserved for cells in both P treatments. Cells grown in 0 µM were estimated to have photosynthetic rates ranging from ~0.026 to 0.127 fmol O 2 cell -1 min -1 compared to ~0.075-2.415 fmol O 2 cell -1 min -1 for cells grown in 10 µM (Table I ).
The amount of carbohydrate a cell accumulates during a light period is dependent upon the irradiance (Kromkamp and Walsby, 1990; Wallace and Hamilton, 1999) and is related to the photosynthetic rate. Olesen and Ganf [(Olesen and Ganf, 1986) ; Figure 2c ] provide an exponential relationship between photosynthetic rate and carbohydrate change per cell expressed by the equation:
where y is the carbohydrate (pg CHO cell -1 ) accumulated over 10 h at a particular photosynthetic rate (x; fmol O 2 cell -1 h -1 ). It is necessary to set an upper limit to y because an exponential increase in carbohydrate per cell cannot be sustained biologically. This limit was conservatively set at 5.45 pg CHO cell -1 10 h -1 , the maximum rate recorded by Olesen and Ganf (Olesen and Ganf, 1986) , which equates to 9.1 fg CHO cell -1 min -1 .
A theoretical rate of density change, due to carbohydrate accumulation, can be calculated if it is assumed that cell volume does not change. An M.aeruginosa cell of 5 µm diameter (volume 1.25 ϫ 10 -16 m 3 ) accumulating carbohydrate of density 1600 kg m -3 (Kromkamp and Walsby, 1990 ) at a rate of 1.2 fg CHO cell -1 min -1 will have a rate of carbohydrate accumulation per unit cell volume of 9.6 ϫ 10 -3 kg m -3 min -1 . However, it must be assumed that this carbohydrate displaces cell water since cell volume is conserved. A weight of 9.6 ϫ 10 -3 kg of carbohydrate displaces a volume of 6 ϫ 10 -6 m 3 . Water has a density of 1000 kg m -3 and therefore a displaced volume of water of 6 ϫ 10 -6 m 3 is equivalent to a weight loss of 6 ϫ 10 -3 kg m -3 min -1 . The net density change will be the difference between carbohydrate accumulated and cell water displaced, which equates to 3.6 ϫ 10 -3 kg m -3 min -1 (Table I) .
Based on these calculations, the P-starved population did not display large variability in the rate of density change (3.3 ϫ 10 -3 -4.8 ϫ 10 -3 kg m -3 min -1 ); however, the P-replete culture consisted of individuals with a rate of density change at 100 µmol m -2 s -1 ranging from 4.0 ϫ 10 -3 to 27.3 ϫ 10 -3 kg m -3 min -1 . The nearly 7-fold difference in the rate of density change is of the order necessary to explain the time required for buoyancy loss (30 min-3.5 h) recorded by Konopka et al. (Konopka et al., 1987a) .
In field populations of cyanobacteria, differential buoyancy status can be attributed to different light exposure (Visser et al., 1996) and differences in the physiological state of cells. Differences in nutrient and light history which affect the gas-vesicle volume and the rate of photosynthesis could be a factor contributing to differential buoyancy status of field populations. The heterogeneity of features of cyanobacteria, described here, highlights the complexity of phytoplankton ecology and physiology. When modelling phytoplankton photosynthesis, buoyancy regulation and growth, it is necessary to simplify observations in order to fit models to the data set; however, it is important to have an awareness of withinpopulation heterogeneity in order to recognize the bounds of model projections.
